Abstract Chronic ankle instability can be addressed surgically through direct lateral ligament repair, nonanatomic reconstruction, or anatomic reconstruction. The goal of this study was to assess the radiographic, functional, and clinical results of patients undergoing an anatomic lateral ankle ligament reconstruction using an anterior tibial tendon allograft. Eleven patients (12 feet; mean age, 48.9 ± 11.4 years) undergoing lateral ankle ligament reconstruction were followed at a mean of 3.5 ± 1.7 years after surgery (range, 1.2 to 5.0 years). Indications for surgery were previous failed repair (i.e., Broström; one case), hyperlaxity (seven cases), and high-demand patients (four cases). Subjective outcomes including the Foot and Ankle Outcome Score (FAOS), SF-36, and activity level were assessed. Mortise and lateral ankle stress radiographs were performed. The FAOS daily activity and sports activity subscores were 93.4 (range, 77.9 to 100) and 78.6 (range, 30 to 100), respectively. The SF-36v2 physical health and mental health components were 50.4 (range, 30.6 to 65.7) and 45.0 (range, 24.8 to 68.0), respectively. Four patients (five feet) reported no restriction; six patients reported mild restrictions, and one patient reported moderate activity restrictions. Tibiotalar tilt improved significantly from 20.2°to 4.6°after surgery (p<0.01). The radiographic anterior displacement of the talus from the tibia was 6.5 mm postoperatively. The technique described restores mechanical stability in patients with chronic lateral ankle instability and may be considered in a select group of patients.
Introduction
Ankle injury is extremely common in sports [1] . Of all ankle injuries, 85% involve the lateral ankle ligament complex [2] . In some cases, chronic instability may result from these acute episodes despite persistent conservative care [3] [4] [5] . Chronic instability and repeated ankle sprains can lead to degenerative arthritis if not treated [6, 7] . Between 50 and 80 different techniques to treat ankle instability have been described in the literature [8, 9] .
The lateral ankle ligament complex is composed of three main ligaments: the anterior talofibular ligament (ATFL), the calcaneofibular ligament (CFL), and the posterior talofibular ligament (PTFL). The ATFL ligament courses from the inferior oblique segment of the anterior border of the fibula to the lateral malleolar articular surface of the talar body [10] . It is the most often injured during a lateral ankle sprain [11] . The CFL originates from the lower segment of the anterior border of the fibula, just below the ATFL, and inserts onto a tubercle on the lateral face of the calcaneus [10] . The PTFL originates from the medial fibular surface just below the digital fossa and inserts on the posterolateral aspect of the talus [10] . Due to its posterior position, the PTFL is the least affected during an inversion injury [12] .
Techniques described to address chronic instability and injury to the lateral ankle ligaments can be categorized into three different groups: anatomic repair, non-anatomic reconstruction, and anatomic reconstruction. Anatomic repair involves the use of endogenous ligamentous tissue to restore the ligament. The most common types are the Broström [13, 14] , the Gould modified Broström [15] , and the Karlsson modified Broström [5] . This set of techniques can be used in cases when adequate tissue is present. However, reconstruction should be considered when severe attenuation of the ligaments has occurred precluding a simple, strong repair. Non-anatomic reconstruction techniques, including the Chrisman-Snook [16] , Watson-Jones [17] , and Evans [18] procedures, do not replicate the normal course and anatomy of the ATFL and CFL and may lead to stiffness [7, [19] [20] [21] . Methods of anatomical reconstruction of the lateral ligament complex have recently grown in number due, in part, to advancements in allograft preparation. These techniques offer the advantage of restoring the origin and insertion sites of native ligaments, thereby avoiding stiffness and preserving normal motion. Several different procedures have been reported in the literature [7, 8, [22] [23] [24] [25] [26] [27] [28] [29] .
The senior author has anatomically reconstructed the ATFL and CFL in a cohort of patients with chronic ankle instability using an anterior tibial tendon allograft. Though the technique has been previously described in both a cadaveric model [23] and human subjects [30] , clinical results have never been reported. Patients were indicated when heavy demand, prior repair, ligamentous laxity, or inadequate tissue precluded direct repair.
We hypothesize that this reconstructive technique leads to good functional results and significantly improved radiographic measures of ankle instability. The goal of this study was to assess the radiographic, functional, and clinical results of patients undergoing an anatomic lateral ankle ligament reconstruction using an anterior tibial tendon allograft, a technique previously only described in a cadaveric model.
Methods
Eleven patients (12 feet) undergoing a lateral ankle ligament reconstruction by the senior author between February, 2004, and January, 2008, were brought back for a final follow-up visit at a mean of 3.5±1.7 years after surgery (range, 1.2 to 5.0 years). The study was approved by the institutional review board at the investigators' institution. All participants gave their informed consent prior to participation.
The cohort consisted of four males and seven females with a mean age of 48.9±11.4 years. Indications for surgery were previous failed repair (i.e., Brostrom; one case), hyperlaxity (seven cases), and high-demand patients (four cases). Concomitant procedures were performed in nine cases (Table 1) . Hindfoot varus, when present, was addressed with a lateralizing calcaneal osteotomy (seven cases). A dorsiflexion osteotomy of the first metatarsal was used in one patient with a high arch and varus hindfoot that corrected on a Coleman block (patient 8). Peroneal tendon pathology was treated with a peroneal tendon tenosynovectomy when scar was present around the tendons (four cases), peroneal tendon repair when more than 50% of the tendon was normal (five cases), or transfer of the flexor hallucis longus to the base of the fifth metatarsal when both peroneal tendons were markedly diseased (one case).
To perform the procedure, the patient is positioned in a supine or sloppy lateral position with a wedge or bean bag under the ipsilateral hip. Concomitant procedures are carried out as needed. The exposure for the reconstruction is performed through a longitudinal incision along the posterior aspect of the fibula in order to gain access to ATFL and CFL. This also allows exposure and inspection of the peroneal tendons. The decision to use the allograft reconstruction is made when the ATFL and CFL are deemed to be markedly deficient at the time of surgery (Fig. 1) . The tunnels are created by drilling over a Beath pin, and pin position is confirmed radiographically. A 5-mm tunnel is created in the talus at the isometric point of the insertion of the ATFL (Fig. 1) . The isometric points are determined by identifying the insertion points of the indigenous ligaments. Two 5 mm tunnels are then made in the fibula: the more anterior starts at the origin of the ATFL on the anterior and distal fibula and exits proximally at the posterior fibular cortex while the second replicates the CFL by beginning at the inferior/anterior fibular tip, exiting the posterior fibula approximately 1 cm distal to the first hole. A final tunnel is then created at the insertion point of the CFL on the calcaneus and exits out the medial and posterior aspect of the calcaneus through a small counter incision. Care must be taken to assure that the pin used to guide this hole does not cross the subtalar joint as seen on an internal rotation view of the ankle. The path of the reconstructed ATFL is oriented approximately 130°with respect to the CFL. An anterior tibial tendon allograft is fashioned to a 5 mm diameter and tagged on either side with non-absorbable suture. Its approximate length is determined by measuring a vicryl suture run along its expected course. The graft is first fixed in the talus with a biotenodesis screw. It is then passed through the more superior fibular tunnel representing the ATFL, advanced distally across the posterior aspect of the fibula, and brought through the lower fibular hole representing the CFL. The graft is laid directly against bone along the posterior aspect of the fibula, deep to the peroneal tendons. It is then passed through the calcaneal tunnel. The ankle is brought into a position of slight eversion, with the talus in neutral in terms of anterior displacement. The graft is maximally tensioned and fixed into the calcaneus with a second biotenodesis screw. Early in the study, the ends of the suture were then tied around a 3.5-mm screw post on the medial calcaneal wall to add additional fixation. The senior author now only uses the biotenodesis screw to reduce the possibility of discomfort over the medial screw site. The wound is closed in layers after the ATFL and CFL are formally repaired in a pants-over-vest fashion with whatever tissue is available.
Functional outcomes were assessed by administering the Foot and Ankle Outcome Score (FAOS; 100-point maximum for each subscale), Short Form Health Status Survey (SF-36v2), and Visual Analog Scale for pain (VAS; ten point scale) were administered at the single, follow-up visit as noted above by an attending orthopedic surgeon with foot and ankle fellowship training (SJE). The reliability and validity of the FOAS have previously been shown in patients undergoing lateral ankle ligament reconstruction [31] . The survey consists of 42 questions concerning the foot and ankle, divided among six subscales: (1) symptoms, (2) stiffness, (3) pain, (4) function/daily living, (5) function/ sports/recreational activities, and (6) quality of life. A postoperative Karlsson score survey was also administered [8, 32, 33] . Generalized ligamentous laxity was tested with the Beighton and Horan Joint Mobility Index (BHJMI; ten point scale with 10 being the most ligamentously lax) [34] at the single, follow-up visit as noted above by an attending orthopedic surgeon with foot and ankle fellowship training (SJE). A previously designed satisfaction survey was used to determine the overall satisfaction after ankle reconstruction (Table 2) [8, 35] . Preoperative and postoperative activity levels were compared using a previously described scale (Table 3) [8, 35] . Patients were asked about their ability to return to high level of sports of interest. The use of any ankle brace or orthotic use was also recorded.
Manual mortise stress radiographs were available for all patients preoperatively. Both lateral and mortise stress Fig. 1 . Schematic drawing of reconstruction. The tendon, after being fixed to the talus, is first passed through the superior fibular bone tunnel. It is then passed in an anti-parallel fashion through the inferior fibular bone tunnel before being passed lateral to medial through the calcaneal bone tunnel radiographs were taken at the final follow-up visit. Tibiotalar tilt was measured on the mortise stress view of the ankle (Fig. 2) . A tibiotalar tilt of more than 10°was considered abnormal [36] . Anterior displacement of the talus with respect to the tibia was assessed on the lateral stress radiograph (Fig. 3 ) [37] . Any displacement more than 10 mm from normal was considered abnormal [36] . All radiographs were read independently and blindly by a board-certified, musculoskeletal radiologist. Physical exam findings were recorded for each patient at the final follow-up visit (SJE). Pain to palpation, recorded as either "yes" or "no," was assessed over specific areas of the foot associated with the reconstruction including the distal fibula, lateral calcaneal graft insertion site, medial calcaneal fixation site, talar graft insertion site, and both the medial and lateral gutters. Ankle joint range of motion was measured with the knee straight and flexed with a goniometer [38] . Triple joint complex was assessed and compared with the opposite side except in the case of the patient with bilateral involvement. Standing heel alignment was measured with a goniometer.
The patients were asked if the reconstruction felt too tight (recorded as "yes" or "no") or if they have had any recurrent injuries since the operation ("yes" or "no"). In addition, patients were asked if they noted ankle instability, stiffness, or swelling in the ankle or foot during walking, standing, and resting. Complications including superficial or deep wound infection and sural nerve injury were recorded.
A Student's t test was used to compare the preoperative and postoperative lateral ankle stress radiographic measurements. Significance was set at p<0.05. Descriptive statistics were used for all other parameters. All analyses were performed using SAS software version 9.1 (SAS Institute Inc., Cary, NC).
Results
At the time of final assessment, ten of the 11 patients demonstrated good to excellent results. In one patient, only a fair outcome was achieved. The FAOS at final follow-up demonstrated a mean pain subscore of 85.2 (range, 58.3 to 100), symptoms subscore of 80.4 (range, 42.9 to 100), mean daily activities subscore of 93.4 (range, 77.9 to 100), mean sports activities subscore of 78.6 (range, 30 to 100), mean quality of life subscore of 74.4 (range, 18.8 to 100), and mean stiffness subscore of 1.8 (range 0 to 6; Table 4 ). The ). An unaffected ankle has a score of 100. The mean BHJMI ligamentous laxity score was 2.6 (range, 0 to 10) with a mean for females of 3.29 and males of 1.33. The population norm for post-puberty females is 3.03 and post-puberty males is 1.3 [39] . On the satisfaction scale, five patients (six feet) reported excellent, five patients good, and one foot fair results. On the activity restriction scale, four patients (five feet) reported no restriction, six patients reported mild restrictions, and one patient reported moderate restrictions. All but four patients were able to return to their sport of interest. One patient (patient 1) severely injured his ankle during a soccer match prior to surgery. He did not feel confidant to returning to soccer or engaging in kick boxing, his other major sport. Another patient (patient 4) was an avid roller skater and dancer who had sprained her ankle on multiple occasions. After the operation, she returned to skating, but did not feel completely stable while spinning during dancing. Another patient (patient 5), a martial arts instructor had also sustained multiple ankle sprains. After the operation, he did not feel that he could kick as well as before, but was able to return to this sport. Finally, one runner (patient 9) twisted her ankle many times during running. She reported much improvement, but did not run long distances anymore. No patients used a brace, and two patients wore orthotics. Significant improvement was found after surgery for the lateral ankle stress exam (p<0.01) with the tibiotalar tilt improving from 20.2°preoperatively to 4.6°postopera-tively. The anterior displacement of the talus from the tibia was 6.5 mm postoperatively.
The most common site for postoperative pain to palpation was the medial gutter (three feet) and lateral calcaneal graft insertion site (three feet; Table 5 ). No patient reported pain outside of the areas specifically assessed. Ankle range of motion with the knee straight was found to total 47.7°(range, 30°to 55°). The mean dorsiflexion was 6.7°(range, 0°to 10°) and plantar flexion was 41.0°(range, 30°to 45°). With the knee bent, the dorsiflexion increased to a mean of 12.5°(range, 5°to 20°). Triple joint motion was normal in nine feet (eight patients) and reduced by 25% in two patients. In one patient, the triple joint complex motion was reduced to 50% of the normal motion. The mean heel alignment at the follow-up measured 2.3°valgus (range, 1°varus to 7°valgus).
Three patients reported that they felt the reconstruction was too tight and limited their motion. Two of these patients had diminished triple joint motion, and one had diminished ankle joint flexion. No patient had a reinjury to the ankle. One patient (patient 10) had a Jones fracture of the fifth metatarsal 4.6 years out from surgery.
Two patients felt that their ankle was unstable. Two patients had stiffness in their ankle and two others felt stiffness for a few minutes in the morning. One patient felt she had constant swelling in the ankle, and two others reported swelling after intense physical activity. No patients had a superficial or deep infection, and no patients had an injury to the sural nerve.
Discussion
The purpose of this study was to assess the results of reconstructing the lateral ankle ligament complex using a technique previously described [23, 30] , but whose results have not been reported in a cohort of patients. In the current study, good clinical and radiographic results after an anatomical reconstruction were demonstrated. Overall, all but one patient reported good to excellent satisfaction. There was significant improvement in the talar tilt as seen on radiographic stress exam. Tenderness to palpation is recorded as "yes" or "no" for each, individual cases. The total number of patients with pain in each region is shown in the final row
The study is limited by its small patient cohort size and retrospective nature. Furthermore, the lack of a control group precludes important comparisons. Concomitant procedures represent confounding variables, making it more difficult to compare the results between patients. However, employing the same technique by the same surgeon did provide consistency among patients. Comparison between patients was also made more difficult given that it was not possible to determine from the charts or follow-up history how long patients had problems or symptoms prior to undergoing surgery. Patients may have had various durations of instability before their surgery. Though outcome scores were only available at latest follow-up, all but two patients had preoperative lateral tibiotalar tilt stress views which allowed for an objective assessment of the mechanical success of the reconstruction. Radiographic anterior translation of the talus is most commonly assessed by measuring the nearest distance from the posterior edge of the distal tibial plafond to the posterior edge of the joint surface on the talar dome [37] . The potential limitations of such a method and the fact that the contralateral side was not compared represent additional weaknesses of the study. Furthermore, the fact that anterior translation of the talus was not measured preoperatively is another limitation of the study.
Numerous outcome data scores including the satisfaction score [8] , activity level [8] , the Karlsson score [3] , the BHJMI [40] , SF-36v2, FAOS [41] , and VAS were all collected, allowing comparison to other reports in the literature. The FAOS has been validated for lateral ankle ligament reconstructions [31] where as the satisfaction and activity levels and Karlsson score have previously been used in the literature to study lateral ankle ligament reconstruction [5, 8, 42] . The BHJMI has been proven reliable in a cohort of female patients [40] . The patients in this series did not seem to be more hypermobile than the population at large which suggests that the primary indication for the technique was not ligamentous laxity.
Anatomical reconstruction of the lateral ankle ligament complex replicates isometry, potentially preventing stiffness in the ankle and subtalar joints. Such techniques may offer increased strength compared with simple repair, particularly in cases of severely attenuated lateral ligaments. Nonanatomical reconstructions, such as the Chrisman-Snook [16] , Watson-Jones [17] , and Evans [18] risk donor site morbidity such as a reduction in eversion strength due to loss of peroneal tendon function and stiffness secondary to non-isometry. Anatomical reconstruction techniques with autograft, such as the gracilis [8] , reproduce isometry, but concomitantly create donor site morbidity.
Only three other allograft reconstruction techniques have been reported in the literature [7, 24, 25] . Autograft has also been used in the anatomical reconstruction of the lateral ankle ligaments [8] . The anatomical reconstruction techniques reported in the literature vary in terms of the drill hole configuration, graft insertion sites, choice of graft, and graft anchoring technique [7, 8, 23-25, 27, 29, 36, 43-45] . Three of the techniques use a single bone tunnel in the fibula [8, 24, 25, 36] . Three employ two bone tunnels in the fibula [7, 23, 27, 44] , while two others use an incomplete bone tunnel and secure a split graft at the tendon-bone interface [29] or use biotenodesis screws, respectively [45] . The bone tunnel configuration used by the senior author is similar to that reported in several previous studies [7, 23, 30, 46] . In one [7] , two separate fascia lata allografts were used. In two other studies [23, 46] , a gracilis autograft was performed, but no clinical data was presented. The current study is therefore the first to present clinical data on a two fibula bone tunnel method using anterior tibial tendon allograft. In the early cases in the current study, a calcaneal screw post was used in addition to a biotenodesis screw to provide additional fixation for the graft and decrease the risk of the graft pulling out of the calcaneal tunnel. However, the senior author now uses only the biotenodesis screw which generally provides excellent fixation.
There are theoretical risks associated with this technique. First, the use of allograft could potentially be rejected by the host. However, the tendon grafts are hypocellular and are treated in an Allowash solution (LifeLink Tissue Bank, Tampa, FL) and sterilized with gamma irradiation, thereby minimizing the chance for disease transmission. Furthermore, strict tissue bank guidelines are followed at the investigators' institution. The exposure for the reconstruction technique tends to require longer incisions and greater soft tissue dissection than for direct repair. This raises the chance of a sural nerve or vascular injury, though neither was reported in the current cohort of patients.
It is important to understand several aspects of the technique described. First, most lateral ankle instability does not severely disrupt the integrity of the ligaments which can therefore be addressed with direct repair. When ligamentous degeneration is too severe to preclude simple repair, reconstruction should be considered. Second, the fixation of the graft to bone can be performed with interference screws alone instead of adding traditional screw posts as performed in this study. Third, the allograft need not be the anterior tibial tendon, but rather can come from other sources including the Achilles tendon. Finally, when addressing ankle instability, it is our opinion that it is crucial to attend to the concomitant deformities. In patients with varus heel alignment, a lateralizing calcaneal osteotomy should be performed to reduce the stress on the lateral ankle ligaments. If the patient has a forefoot driven cavus deformity, it is important to address the first ray inclination. A dorsiflexion osteotomy through first metatarsal or a first tarsometatarsal fusion should be considered.
In conclusion, we have reported the results of lateral ankle ligament reconstruction using an anterior tibial tendon allograft in a small cohort of patients. This represents the first clinical assessment of this technique. All patients showed good to excellent activity level and significant improvement in radiographic ankle stability after the reconstructive procedure. Some level of stiffness was present yet most, but not all, returned to their preinjury level of sport. The current technique is indicated when endogenous tissue is too attenuated or disrupted to achieve substantial repair, after failed attempt at repair, and in ligamentously lax or high-demand patients.
